The selection of crop varieties according to their tolerance for water stress is important for agriculture in Mediterranean areas, especially in those where the water resources are scarce such as the case of south tern Europe. The objective of this study was to investigate the robustness of thermal imaging as a tool for examination the tolerance of maize (Zea mays L.) varieties for drought tolerance. Five commercial maize varieties were grown under two different watering settings: full irrigated and deficit irrigated. Thermal infrared images were recorded every 48-72 h on four maize crops; for each irrigation and variety treatments. Stomatal conductance (gS) and leaf-water potential (Ψleaf) were measured in order to evaluate their response to water stress. Here we demonstrated that the leaf temperature differences (LTDs) between full and deficit irrigated plants can be anticipate as a good indicator for varieties breeding. Our results prove that infrared thermography could be a useful tool in screening procedure for selecting maize varieties for water deficiency.
INTRODUCTION
Water is one of the limiting factors for agriculture in southern Europe [1] . The climate change and growth population probably will produce more frequent events of water scarcity and affect the agricultural activities. In this context, one of the challenges in mitigating the effects of water scarcity is the selection of crop varieties able to respond positively to different environmental stress conditions [2] .
Maize is one of the most relevant crops worldwide, providing foods for human and livestock as well as for biofuel industry [3] . This crop is high water expenditure between 7 000 and 8 000 m 3 ha -1 , and under drought situations this crop is highly sensitive, being the yield affected in terms of grain number and weight, with yield reductions up to 50% [4, 5] .
Albeit maize has water requirements especially higher in comparison to other similar cereals, in physiological terms, is contemplate as an iso-hydric crop, because of its capability to reply to water stress by regulating the leaf transpiration with a partial stomatal closure and maintaining the photosynthetic activity, and growth under mild drought conditions that could be pernicious for other crops [6, 7] . Actually, the character-ization of varieties for drought tolerance during breeding process can imply many experiments with measurements at different scales such as yield, growth or physiological adaptations [8, 9] . In this context, different strategies have been implemented for plant phenotyping in different crops. The use of greenhouses with controlled conditions or growth chambers, and supporting with imaging technologies are one of those strategies [10] .
The most important requirements when a plant phenotyping program is going to be developed would be its feasibility, repeatability, reproducibility, and quickness to obtain robust results. Many studies devoted to select cultivars in terms of drought tolerance are developed in potted seedlings, focusing the efforts in the monitoring of changes in different physiological parameters, such as the stomatal conductance (g S ), transpiration, net CO 2 assimilation or crop water potential measured in stem (Ψ leaf ) oandr leaves (Ψ stem ) [11] . However, plant phenotyping for water stress tolerance by meaning of these parameters is complex and laborious, because of the poor repeatability of these measurements, the high time consuming and the sensitivity of these parameters to small changes in open field conditions [12] .
The infrared thermography emerges as a noninvasive method to detect changes in the physiological status of plants, based on the relations between leaf temperature and transpiration rate, which is largely related with the g S , net photosynthesis and Ψ leaf [13] . Interesting results have been recorded by using this technique in breeding programs and plant phenotyping studies [10, 14, 15] . The physical basis for this technique is the evaporative cooling occurred in the leaves because of the water outputs by stomata, in which there is a heat loss associated to transpiration process from the canopy [16] .
The objective of this study was to advance in a practical methodology for selecting maize varieties in relation to its capability to produce signals in response to water stress by infrared thermography, also defining different relationships with leaf water potential and stomatal conductance.
MATERIAL AND METHODS

Plants Materials and Greenhouse Settings
The greenhouse trial was achieved under semicontrolled conditions with five different commercial varieties of maize (Zea mays L.) ( Table 2) .
Formerly 100 seeds per each maize variety were germinated in the dark, using a wet filter paper in Petri dishes under 27 ºC during 72 h. Then, germinated seeds were chosen and sown in plastic pots (1.7 l) (Figure 1) . About 40 uniform plants were retained at the 2 th -3 rd leaf stage. At this point, 50% of the plants were subjected to drought (deficit irrigated, DI), and the remaining, were daily irrigated keeping them at field capacity (full irrigated, FI). The DI plants were not irrigated during 7-9 days, depending on the GCC; and after this, these plants were recovered, these being irrigated at field capacity with the same amount of water that FI, in order to define the recovery capacity of each variety after a drought period. Field capacity was determined in ten extra plants irrigated with a known volume of water (just enough to saturate the soil). After 30 min, (after drainage), the difference between the amount of water applied and the drained volume was calculated, estimating the amount of water stored by the substrate (volume necessary to place the substrate at field capacity, which was in this case between 0.29 and 0.33 kg kg -1 ). Values with A and B are the last day of water stress and the day after recovering period, respectively. DOY, day of the year; ±, Standard deviation.
Infrared Thermography and Plant Physiology Measurements
For thermal images a ThermaCAM (Flir SC660, Flir Systems, USA, 7-13 µm, 640 x 480 pixels, with an emissivity set at 0.96) was used. The camera was mounted at 1.6 m above the ground level and placed at 1.5 m distance from maize plants. One image per treatment and variety was taken. Previously, to each measurement cycle, background temperature was determined as the temperature of a crumpled sheet of aluminum foil in a similar position to the leaves of interest with the emissivity set at 1.0 [16] .
The measurements of leaf temperature (T leaf ) were taken every 48h, between 12:00 and 13:00, and images were analyzed using the software FLIR ResearchIR Program, measuring the temperature of 2 th -3 rd leaves per plant. At the same time the leaf-water potential (Ψ leaf ) was measured in two leaves per plant and for three plants per irrigation treatment and variety, using a Scholander pressure chamber (3000 Plant Water Status Console, Soil-moisture Equipment Corp., CA, USA). With the same periodicity, the stomatal conductance (g s ) was monitored with a porometer (Leaf Porometer SC-1, Decagon Devices Inc, WA, USA), taking the readings in two sunny leaves per plant.
Finally, during the measurements acquisitions, the air temperature and the relative humidity were measured by using a weather station (Davis Vantage Pro TM , Valencia, Spain) located inside the greenhouse.
Statistical Analysis
The experimental design was a complete randomized blocks, with four blocks, and four replications per treatment and cultivar. Each replication was performed by four pots. Thus, 16 pots were analyzed for each irrigation treatment and cultivar.
Statistical analysis was performed using the SPSS 15.0 package (SPSS Inc., Chicago, IL, USA). For each GCC and measurement day, an exploratory and descriptive analysis was completed for all parameters (T leaf , g S , and Ψ leaf ), followed by an analysis of variance (ANOVA). Formerly, a Levene's test was applied to test the variance homogeneity for the studied variables.
Taking into account that greenhouse cultivation conditions, there were analyzed the differences in leaf temperature between FI and DI plants for each variety [15] . Following the methodology proposed by Liu et al. [15] , it was considered the leaf temperature difference (LTD) between irrigation treatments within each variety, taking into account that LTD is one of the main parameters to define the differences between maize varieties in relation to its capability for drought tolerance; this parameter being defined as the difference in leaf temperature of DI and FI conditions. Considering the LTD results, a one-way analysis of variance (ANOVA) was performed to define the significant differences (p < 0.05) among varieties in terms of thermal information, applying a Tukey's analysis. Once it was developed this varietal classification, it was calculated the ΔT index, this being defined as the difference between leaf and air temperature. This index was used with the aim of normalizing T leaf values, excluding the environmental effects on T leaf , as it was stated by García-Tejero et al. [17] . Finally, a correlation analysis between the T leaf and ΔT index versus the crop physiological variables (g s and Ψ leaf ) was estimated for each variety as well as for the whole data. Figure 2 shows the dynamics of Ψ leaf , g S , and T leaf for different maize varieties under GCC 1 . The Ψ leaf was the most sensitive parameter, showing significant differences between the irrigation treatments 48 h after the drought period. Similarly, for g S , not all the varieties showed these differences at the same time as the Ψ leaf . However, both physiological parameters showed a partial recovery in the last measurement. Although, not all the varieties were able to display similar values between the different irrigation treatments. After recovering period, for the ZM 1 and ZM 3 varieties, significant differences in Ψ leaf and g S were recorded. For remaining varieties, the final recovery in Ψ leaf was not able to show the similar trend such as g S (ZM 2 and ZM 5 ). Only ZM 4 registered a total recovery in terms of Ψ leaf and g S .
RESULTS AND DISCUSSION
Physiological Parameters in Relation to Water Stress
Less evident were the differences for the irrigation treatments in terms of T leaf , being all varieties evidenced significant differences for the last day of stress, and showing similar values at 48 h after recovering (Figure 2) . In spite of this, the highest differences among varieties were found in terms of the leaf temperature difference (LTD) (Figure 3) . According to this result, 96 h after stopping irrigation cutting, ZM 1 and ZM 4 varieties showed significant lower values of LTD than the remaining of varieties. In this line, the day of maximum water stress (202 DOY), only ZM 3 was able to show significant lower values than the other varieties, being ZM 1 the worst in terms of LTD readings. After recovering period, ZM 2 , ZM 4 , and ZM 5 showed the best results in terms of LTD, in comparison to the ZM 1 with significant higher LTD values. Thus, 
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according to the findings in terms of Ψ leaf and g S ; only the ZM 4 displayed a total recovery of LTD.
According to GCC 2 , the Ψ leaf was the most perceptive parameter in terms of plant response to water stress as was for GCC 1 (Figure 4) . At 48 h after irrigation suppression, the ZM 1 maize displayed significant differences in relation irrigation regimens, although less noticeable in the remaining varieties, which was manifested these differences 72 h after the initial point of water stress application.
The response of g S was similar than Ψ leaf regarding to the sensitiveness, being the varieties ZM 4 and ZM 5 exhibited significant differences for irrigation treatments 48 h after its restriction. This trend was also registered for other varieties along the subsequent days.
In relation to T leaf , something different trend was fixed in relation to the previous GCC 1 , in which significant differences were reached at the end of the drought period. That is, for GCC 2 some maize varieties showed these differences 48 h after irrigation restriction as was for ZM 2 and ZM 5 , whereas, ZM 1 and ZM 4 only showed these differences the last day of water restriction (when the highest levels of water stress were reached) (Figure 4) . Figure 5 shows the differences for maize varieties in terms of the LTD. At the beginning of GCC 2 , the values were similar for all maize varieties, increasing throughout the experimental period. At 48 hours after the beginning of the irrigation restriction there were found the first significant differences among studied varieties. In this line, the ZM 2 registered LTD values higher than 2 ºC, in comparison to ZM 1 or ZM 4 that showed values below to 1 ºC. Four days after the restriction, ZM 2 and ZM 5 showed the highest values (up to 2 ºC), in contrast to ZM 1 and ZM 4 with the lowest values. During the maximum stress, all the varieties exhibited similar patterns, probably because at this stage, the water stress level was extremely high to find differences for varieties. Finally, after recovering, the best results were for ZM 1 , ZM 2 , and ZM 5 varieties, which were able to register similar T leaf for plants that had been subjected to the different irrigation treatments. Thus, as it was found in GCC 1 , ZM 4 and ZM 5 were the most promising varieties in terms of LTD. According to the findings, Ψ leaf as well as g S showed more clearly differences among varieties subjected to water stress. In this context, Sadras et al. [18] reported that Ψ leaf and g S are useful parameters for assessing crop-water status, despite their perceptible nature to other factors such as the spatial variability leaf to leaf, calibration inconveniences, or in our concrete case for maize, difficulties derived from the leaf morphology (without petiole for Ψ leaf ), being required a high number of readings to obtain appropriate information for cropwater status [19, 20] .
Merlot et al. [21] reported the robustness of thermal information in assessing crop-water status for plant phenotyping such as the mutants detection within a same cultivar. Because of the capability of maize to control the stomatal closure under drought conditions, and leaf temperature is linked to the evaporative cooling effect associated to leaf transpiration thermal information. Therefore, it would be an appropriate tool to assess the crop-water status [22, 23] . Garcia-Tejero et al. [11] concluded that different maize cultivars in which low leaf temperatures had been detected during water stress conditions were able to produce a higher biomass amount, recommending that this technology could be suitable for maize phenotyping.
On the other hand, variables such as thesolar radiation, air temperature, wind speed, relative humidity and VPD (vapor pressure deficit) and the angle of incident radiation and spectral quality are important for value of leaf temperature [13, 14] . Therefore, plant phenotyping experiments in the basis on thermal information, are developed under controlled or semi-controlled greenhouse conditions, with the aim of minimize the climatic variations [15] . For avoiding these effects, different thermal indices are used with the objective of normalizing the absolute values of temperature, obtaining a second value in which the effects of the climatic variables are partially minimized [24] . In this case ΔT, which is the difference between canopy and air temperature, is one of the most commonly parameter used [25] [26] [27] . 0.69), using the absolute values of leaf temperature (T) or the difference between leaf and air temperature (ΔT) with significant Pearson's correlation coefficients. These results corroborated that thermal readings would be robust to evaluate the water status in maize seedlings, and for plant phenotyping in terms of water stress tolerance. That is possible to estimate the plant water status previously to define the best varieties in terms of water stress or using the LTD index, without the requirement of information for other physiological parameters.
Relationships between Temperature and Plant Physiology Parameters
CONCLUSIONS
In this current study, the fitting of thermal imaging for selecting better-adapted maize seedlings to drought stress was evaluated. Thermal imaging promotes an easy and user-friendly methodology, adopting the thermal data as the main source of information. The absolute value of leaf temperature as well as the difference between the leaf and air temperature could be used in selecting maize varieties for drought conditions. This procedure allows working with seedlings, not being necessary to establish field trials, reducing the time involved in this type of experiments. Also, the leaf temperature differences (LTDs) between full and deficit irrigated plants can be considered as a good indicator to select varieties. Finally, the different relationships calculated between the thermal and physiological parameters contribute a useful tool to appraisal the plant-water status in terms of the leaf-water potential of the stomatal conductance.
